The actions of the endogenous ORL 1 -receptor ligand nociceptin on the membrane properties and synaptic currents in rat periaqueductal gray (PAG) neurons were examined by the use of whole-cell patch-clamp recording in brain slices. Nociceptin produced an outward current in all neurons tested, with an EC 50 of 39 Ϯ 7 nM. The outward current was unaffected by naloxone. Outward currents reversed polarity at Ϫ110 Ϯ 3 mV in 2.5 mM extracellular potassium, and the reversal potential increased when the extracellular potassium concentration was raised (slope ϭ 66.3 mV/log[K ϩ ] o mM). Thus, the nociceptininduced outward current was attributable to an increased K ϩ conductance. Nociceptin inhibited evoked fast GABAergic (IPSCs) and glutamatergic (EPSCs) postsynaptic currents and increased paired-pulse facilitation in a subpopulation of PAG neurons. Nociceptin inhibited evoked IPSCs and EPSCs in ϳ50% of neurons throughout the PAG, except in the ventrolateral PAG, where nociceptin inhibited evoked IPSCs in most neurons. Nociceptin decreased the frequency of spontaneous miniature postsynaptic currents (mIPSCs and mEPSCs) in a subpopulation of PAG neurons but had no effect on their amplitude distributions. Thus, nociceptin had a presynaptic inhibitory effect on transmitter release. These findings suggest that nociceptin, via its pre-and postsynaptic actions, has the potential to modulate the analgesic, behavioral, and autonomic functions of the PAG.
The actions of the endogenous ORL 1 -receptor ligand nociceptin on the membrane properties and synaptic currents in rat periaqueductal gray (PAG) neurons were examined by the use of whole-cell patch-clamp recording in brain slices. Nociceptin produced an outward current in all neurons tested, with an EC 50 of 39 Ϯ 7 nM. The outward current was unaffected by naloxone. Outward currents reversed polarity at Ϫ110 Ϯ 3 mV in 2.5 mM extracellular potassium, and the reversal potential increased when the extracellular potassium concentration was raised (slope ϭ 66.3 mV/log[K ϩ ] o mM). Thus, the nociceptininduced outward current was attributable to an increased K ϩ conductance. Nociceptin inhibited evoked fast GABAergic (IPSCs) and glutamatergic (EPSCs) postsynaptic currents and increased paired-pulse facilitation in a subpopulation of PAG neurons. Nociceptin inhibited evoked IPSCs and EPSCs in ϳ50% of neurons throughout the PAG, except in the ventrolateral PAG, where nociceptin inhibited evoked IPSCs in most neurons. Nociceptin decreased the frequency of spontaneous miniature postsynaptic currents (mIPSCs and mEPSCs) in a subpopulation of PAG neurons but had no effect on their amplitude distributions. Thus, nociceptin had a presynaptic inhibitory effect on transmitter release. These findings suggest that nociceptin, via its pre-and postsynaptic actions, has the potential to modulate the analgesic, behavioral, and autonomic functions of the PAG.
Key words: orphan receptor; ORL 1 receptor; opioid receptor; nociceptin; potassium channel; presynaptic inhibition; periaqueductal gray; analgesia An orphan opioid-like receptor, ORL 1 , recently has been identified that is highly homologous to the cloned -, ␦-, and -receptors (Mollereau et al., 1994; Lachowicz et al., 1995) . An endogenous heptadecapeptide nociceptin, or orphanin FQ, has been identified more recently that acts as a potent agonist at the ORL 1 receptor (Meunier et al., 1995; Reinscheid et al., 1995) . Nociceptin has been demonstrated to inhibit potently the forskolin-stimulated adenylyl cyclase activity in cells transfected with ORL 1 , whereas etorphine and dynorphin A were weak agonists, and other opioids were inactive (Mollereau et al., 1994; Lachowicz et al., 1995; Meunier et al., 1995; Reinscheid et al., 1995; Zhang and Yu, 1995) . Recently, we have demonstrated that nociceptin increases a K ϩ conductance in dorsal raphe and locus coeruleus neurons (Connor et al., 1996a) . The K ϩ conductance activated by nociceptin is the same as that activated by various receptors known to couple to inhibitory G-proteins in these neurons, including -receptors (North et al., 1987; Williams et al., 1988; Chieng et al., 1996; Vaughan and Christie, 1996a) .
The midbrain periaqueductal gray (PAG) plays a crucial role in the integration of an animal's behavioral, somatic, and autonomic responses to threat, stress, and pain (Lovick, 1993; Bandler and Shipley, 1994) . In particular, the PAG is a major site for modulation of nociception, forming part of a descending antinociceptive system that relays via the rostral ventromedial medulla to the spinal cord (Basbaum and Fields, 1984) . In situ hybridization and immunohistochemical studies have demonstrated high densities of ORL 1 receptors within the PAG (Lachowicz et al., 1995; Anton et al., 1996) . Furthermore, concentrations of nociceptin precursor mRNA in the PAG are among the highest in the CNS, suggesting that nociceptin might participate in modulation of nociception in this region (Houtani et al., 1996) . However, intracerebroventricular injections of nociceptin, which might be expected to act on the PAG, either produced hyperalgesia or had little or no antinociceptive action (Meunier et al., 1995; Reinscheid et al., 1995) . We have used the thin-slice patch-clamp technique to characterize the pre-and postsynaptic actions of nociceptin on PAG neurons.
MATERIALS AND METHODS
Sprague Dawley rats, 9 -16 d old, were anesthetized with halothane and decapitated; their brains were removed quickly and immersed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 126, KCl 2.5, NaH 2 PO 4 1.4, MgCl 2 1.2, CaCl 2 2.4, glucose 11, and NaHCO 3 25 and equilibrated with 95%O 2 :5%CO 2 . A vibratome was used to prepare horizontal slices (200 -250 m thick) containing the PAG, which were placed in a holding chamber containing oxygenated ACSF maintained at 32ЊC.
Brain slices were placed in a chamber (1.5 ml vol) mounted on the stage of an upright microscope (Olympus BH-2 with a fixed-stage modification) and viewed with a water immersion objective (Zeiss, 40ϫ). Slices were superfused continuously (2 ml/min) with ACSF (32ЊC). Neurons located in the PAG were viewed with Nomarski optics and cleaned with a micropipette containing ACSF; then whole-cell voltage-clamp recordings were made with patch electrodes (3-7 M⍀). In experiments examining postsynaptic K ϩ conductance effects, the electrodes contained (in mM): potassium gluconate 140, NaCl 15, MgCl 2 1, HEPES 10, EGTA 11, MgATP 2, and NaGTP 0.25, adjusted to a pH of 7.3 with KOH. In experiments examining evoked and miniature synaptic currents, the electrodes contained (in mM): CsCl 140, EGTA 10, HEPES 5, CaCl 2 2, MgATP 2, and NaGTP 0.25, adjusted to a pH of 7.3 with CsOH. The osmolarity was adjusted to 270 -290 mOsm/l. Liquid junction potentials of Ϫ11 mV for the K-gluconate solution and Ϫ4 mV for CsCl solution were calculated by using JPCalc and corrected (Barry, 1994) . At the completion of recording, the location of the neuron was mapped onto standard horizontal midbrain sections (Paxinos and Watson, 1986 ).
Evoked postsynaptic currents were elicited via bipolar tungsten stimulating electrodes (tip separation 100 m), which were placed 200 -600 m from the recorded neuron. Single stimuli or paired stimuli (interpulse interval 20 -80 msec) were applied at a frequency of 0.03 Hz (stimuli: 5-50 V, 20 -400 sec), and four to eight consecutive responses were averaged for subsequent analysis with Clampfit (Axon Instruments, Foster City, CA).
Spontaneous, miniature postsynaptic currents were recorded on video tape via PCM, low-pass-filtered at 2-5 kHz, and digitized at 5-10 kHz (in 10 -20 sec segments) for later off-line analysis (Axograph 3.0, Axon Instruments). Events were detected automatically by selecting events in which the difference between a 0.5-1 msec baseline epoch compared with a similar epoch 0.5-1 msec later exceeded a preset threshold (set to 6 -15 pA for a rejection rate of at least 10%). Then automatically selected events were examined visually, and erroneous events were rejected before their amplitude and time of occurrence were measured. Events were ranked by amplitude and inter-event interval for preparation of cumulative probability distributions. The cumulative distributions were compared by the Kolmogorov-Smirnov (K-S) test. All data are expressed as mean Ϯ SEM.
Stock solutions of all drugs were made in distilled water, except CNQX (made in dimethyl sulfoxide, DMSO). These were diluted to working concentrations by using ACSF and applied by superfusion. Nociceptin (Meunier et al., 1995; Reinscheid et al., 1995) was synthesized (Ͼ95% pure by HPLC) by Chiron Mimotopes (Clayton, Victoria, Australia). Methionine enkephalin (met-enkephalin) and baclofen were obtained from Sigma (St Louis, MO); (Ϫ)-bicuculline methiodide, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and naloxone hydrochloride were obtained from Research Biochemicals (Natick, MA).
RESULTS

Nociceptin produces an outward current in all PAG neurons
When PAG neurons were voltage-clamped to a potential of Ϫ60 mV, superfusion of nociceptin (Noc, 300 nM; n ϭ 34) produced an outward current in all PAG neurons that responded to the subsequent application of the GABA B agonist baclofen (30 M). A number of PAG neurons did not respond to baclofen, nociceptin, or met-enkephalin (n ϭ 9). We previously have demonstrated with intracellular electrodes that baclofen hyperpolarizes all PAG neurons (Chieng and Christie, 1995) . These nonresponding neurons were not considered in the following analysis, because it was uncertain whether they were damaged or formed a distinct population of PAG neurons not previously observed.
Nociceptin produced an outward current, irrespective of whether the neuron did (n ϭ 15) or did not (n ϭ 10) respond to met-enkephalin (ME, 10 M; Fig. 1 A,B ). Although naloxone (1 M) reversed the outward current produced by met-enkephalin (n ϭ 3), it had no effect on the outward current produced by nociceptin (n ϭ 3). The mean amplitudes of the agonist-induced currents were 45 Ϯ 4 pA for nociceptin (n ϭ 19; 300 nM), 44 Ϯ 5 pA for met-enkephalin (n ϭ 15; 10 M), and 55 Ϯ 6 pA for baclofen (n ϭ 15; 30 M). The outward current produced by nociceptin was dose-dependent, with an EC 50 of 39 Ϯ 7 nM (Fig.  1C ).
Nociceptin opens an inwardly rectifying potassium current
The effect of nociceptin (300 nM) on the current-voltage relationship of PAG neurons was examined. The resting conductance showed inward rectification with slope conductances of 2.0 Ϯ 0.4 nS and 3.1 Ϯ 0.5 nS when measured between Ϫ60 to Ϫ90 mV and Ϫ110 to Ϫ130 mV, respectively (n ϭ 6; Fig. 2 A,B) . Nociceptin increased the conductances to 2.7 Ϯ 0.5 nS ( p Ͻ 0.05, paired t test) and 5.0 Ϯ 1.1 nS ( p Ͻ 0.05, paired t test), when measured over the same potentials. The nociceptin-induced current reversal potential was Ϫ110 Ϯ 3 mV, which is similar to the predicted Figure 1 . Nociceptin produces a dose-dependent outward current in all PAG neurons. Membrane current responses of PAG neurons in which A, met-enkephalin (ME 10 M) had no effect, but nociceptin (Noc 300 nM) produced an outward current, and B, both metenkephalin (ME 10 M) and nociceptin (Noc 300 nM) produced an outward current. C, Concentration-response relationship for outward currents in PAG neurons produced by nociceptin. Each point shows the mean Ϯ SEM of responses of several different neurons, with the number of cells indicated above the point. A logistic function was fit to determine the EC 50 (39 Ϯ 7 nM). Neurons were clamped to a potential of Ϫ60 mV.
value of Ϫ106 mV for the Nernst equation (Fig. 2 B) . The reversal potential was shifted with increasing external potassium concentrations to Ϫ83 Ϯ 4 mV in 6.5 mM [K ϩ ] o (n ϭ 4) and to Ϫ68 Ϯ 6 mV in 10.
, which is similar to that predicted by the Nernst equation (slope ϭ 60.9 mV/ log[K ϩ ] o ). In the presence of maximal concentrations of baclofen (30 M; n ϭ 3) and met-enkephalin (30 M; n ϭ 2), maximal concentrations of nociceptin (300 nM) produced no additional outward current. Thus, the outward current produced by nociceptin was mediated by the same K ϩ conductance produced by baclofen and met-enkephalin.
Effect of nociceptin on evoked synaptic currents
In the presence of the non-NMDA antagonist CNQX (10 M), local stimulation evoked GABAergic IPSCs in PAG neurons, which had a mean amplitude of 656 Ϯ 36 pA at Ϫ74 mV (n ϭ 64) and were abolished by the GABA A antagonist bicuculline (30 M; n ϭ 3). Superfusion of nociceptin (300 nM) had a variable effect on the amplitude of evoked IPSCs (Fig. 3E) . In 44 neurons, nociceptin reduced the amplitude of evoked IPSCs by 23-88% (mean ϭ 49 Ϯ 2%, Fig. 3A,C,E) . In 20 neurons, nociceptin reduced the amplitude of evoked IPSCs by Ͻ15% (range ϭ Ϫ13 to 11%; mean ϭ 0 Ϯ 2%; Fig. 3B,D,E) . In contrast, superfusion of the GABA B agonist baclofen (10 -30 M) reduced the amplitude of evoked IPSCs in all PAG neurons tested by 63-98% (mean 83 Ϯ 2%; n ϭ 25), whether or not nociceptin inhibited evoked synaptic currents (Fig. 3A-D,F ) . The application of nociceptin or baclofen had no effect on the membrane current or the conductance of the neurons at Ϫ74 mV (Cs-filled electrodes used).
In the presence of bicuculline (30 M), local stimulation evoked non-NMDA EPSCs in PAG neurons, which had a mean amplitude of 338 Ϯ 33 pA at Ϫ74 mV (n ϭ 27) and were abolished by CNQX (10 M; n ϭ 2). Superfusion of nociceptin (300 nM) had a variable effect on the amplitude of evoked EPSCs. In 13 neurons, nociceptin reduced the amplitude of evoked EPSCs amplitude by 23-80% (mean ϭ 46 Ϯ 4%; Fig.  4 A) . In 14 neurons, nociceptin reduced the amplitude of evoked EPSCs by Ͻ15% (range ϭ Ϫ15 to 14%; mean ϭ 3 Ϯ Figure 4 . Nociceptin inhibited evoked glutamatergic EPSCs in a subpopulation of PAG neurons. Evoked EPSCs were produced by local stimulation in the presence of bicuculline (30 M). A, Neuron in which nociceptin (300 nM) inhibited the evoked EPSC. B, Neuron in which nociceptin had no effect on the evoked EPSC. The subsequent application of baclofen (10 M) inhibited the evoked EPSCs in both A and B. Averaged traces (n ϭ 4) are shown before, during nociceptin (Noc) and baclofen (Bacl ), and after washout. Neurons were clamped to a potential of Ϫ74 mV. Figure 5 . Nociceptin decreases the frequency of spontaneous mIPSCs. Spontaneous mIPSCs were recorded in the presence of TTX (0.3 M) and CNQX (10 M). A, Five consecutive segments before, during, and after application of nociceptin (300 nM). B, C, Cumulative distribution plots of mIPSC inter-event interval and amplitude before, during (dashed line), and after application of nociceptin (number of events ϭ 163, 177, and 112 for 80, 160, and 60 sec epochs of Control, Nociceptin, and Wash, respectively). Nociceptin had no effect on the amplitude distribution ( p Ͼ 0.3, K-S statistic for control /nociceptin) but reversibly shifted the frequency distribution to longer inter-event intervals ( p Ͻ 0.03, K-S statistic for control /nociceptin). All data are from the same neuron, which was clamped to a potential of Ϫ74 mV. 2%; Fig. 4 B) . In contrast, superfusion of the GABA B agonist baclofen (10 -30 M) reduced the amplitude of evoked EPSCs in all PAG neurons tested by 62-92% (mean 82 Ϯ 4%; n ϭ 9; Fig. 4) .
Two stimuli of identical strength were applied in close succession (interstimulus interval 20 -80 msec) to determine whether the nociceptin-induced inhibition of the first evoked response was associated with paired-pulse facilitation of the second evoked response (for neurons with inhibition Ͼ 20%). Under control conditions, the mean ratio of the amplitude of the paired evoked synaptic currents was 1.26 Ϯ 0.16 for IPSCs (IPSC 2 / IPSC 1 ; n ϭ 11) and 1.58 Ϯ 0.18 for the EPSCs (EPSC 2 / EPSC 1 ; n ϭ 8), with both paired-pulse facilitation and depression being observed. Superfusion of nociceptin produced an increase in the mean ratio of IPSC 2 / IPSC 1 to 1.81 Ϯ 0.19 (n ϭ 11) and of EPSC 2 / EPSC 1 to 2.04 Ϯ 0.21 (n ϭ 8). Thus, inhibition of the evoked synaptic currents was associated with an increase in paired-pulse facilitation of 54 Ϯ 13% for the IPSCs ( p Ͻ 0.005, paired t test; n ϭ 11) and 61 Ϯ 41% for the EPSCs ( p Ͻ 0.05, paired t test; n ϭ 8).
Effect of nociceptin on miniature synaptic currents
Spontaneous miniature IPSCs (mIPSCs) were readily observed during whole-cell voltage-clamp recordings in the presence of TTX (0.3 M), a concentration that prevented Na-dependent action potentials and evoked postsynaptic currents. The mIPSCs were isolated by addition of CNQX (10 M; Fig. 5A ) and were abolished by the addition of bicuculline (30 M; n ϭ 3). Superfusion of nociceptin (300 nM) had a variable effect on the frequency of mIPSCs. In six neurons, nociceptin produced a reversible reduction in the frequency of mIPSCs (Fig. 5A) , as measured by a significant increase in the proportion of longer inter-event intervals between mIPSCs for each of these neurons ( p Ͻ 0.05, K-S statistic for control /nociceptin; Fig. 5B ). In contrast, nociceptin had no significant effect on the distribution of mIPSC amplitudes ( p Ͼ 0.05, K-S statistic for control /nociceptin; Fig.  5C ). On average, the mean mIPSC frequency was reduced by 63 Ϯ 7% during superfusion of nociceptin, whereas the mean amplitude was reduced by 6 Ϯ 12% in these neurons (Fig. 6 A) . In another five neurons, nociceptin had no significant effect on the distribution of mIPSC inter-event intervals or amplitudes ( p Ͼ 0.05, K-S statistic for control /nociceptin).
Spontaneous miniature excitatory postsynaptic currents (mEPSCs) were isolated by addition of TTX (0.3 M) and bicuculline (30 M) (Fig. 7A) and were abolished by the addition of CNQX (10 M; n ϭ 2). Superfusion of nociceptin (300 nM) had a variable effect on the frequency of spontaneous mEPSCs. In eight neurons, nociceptin produced a reversible reduction in the frequency of spontaneous mEPSCs (Fig. 7A) , as measured by a significant increase in the proportion of longer inter-event intervals between mIPSCs for each of these neurons ( p Ͻ 0.05, K-S statistic for control /nociceptin; Fig.  7B ). In contrast, nociceptin had no significant effect on the distribution of mEPSC amplitudes ( p Ͼ 0.1, K-S statistic for control /nociceptin; Fig. 7C ). On average, the mean mIPSC frequency was reduced by 59 Ϯ 3% during superfusion of nociceptin, whereas the mean amplitude was reduced by 4 Ϯ 6% in these neurons (Fig. 6 B) . In another seven neurons, nociceptin had no significant effect on the distribution of mIPSC inter-event intervals or amplitudes ( p Ͼ 0.1, K-S statistic for control /nociceptin).
Distribution of nociceptin-responding PAG neurons
The location of recorded neurons was plotted onto standard horizontal PAG sections according to their location dorsal to the interaural plane. Presynaptic effects of nociceptin were observed in a subpopulation of PAG neurons (Fig. 8) . The proportion of PAG neurons in which nociceptin inhibited evoked IPSCs varied with their dorsoventral location ( p ϭ 0.02; 2 ϭ 7.81; df ϭ 2). Thus, 55% of neurons in the lateral PAG (n ϭ 12/22; A ϩ4.9 mm, 4.9 mm dorsal to the interaural plane), 60% of neurons in the intermediate PAG (n ϭ 12/20; A ϩ4.4 mm), and 91% of neurons in the ventrolateral PAG (n ϭ 20/22; A ϩ3.9 mm) displayed nociceptin-induced inhibition of GABAergic synaptic transmission of Ͼ15%. In contrast, the proportion of PAG neurons in which nociceptin inhibited evoked non-NMDA synaptic currents did not vary with their dorsoventral location ( p Ͼ 0.5; 2 ϭ 0.06; df ϭ 2). Thus, 45% of neurons in the lateral PAG (n ϭ 5/11), 50% of neurons in the intermediate PAG (n ϭ 3/6), and 50% of neurons in the ventrolateral PAG (n ϭ 5/10) displayed nociceptin-induced inhibition of glutamatergic synaptic transmission of Ͼ15%. Figure 6 . Nociceptin decreases the frequency, but has no effect on the amplitude, of both mIPSCs and mEPSCs in a subpopulation of PAG neurons. A, mIPSC and B, mEPSC frequency ( filled bars) and mean amplitude (open bars) before, during, and after the application of nociceptin (300 nM) for those neurons in which there was a significant increase in inter-event interval ( p Ͻ 0.05, K-S statistic for control /nociceptin). The pooled results of six neurons for mIPSCs and eight neurons for mEPSCs are shown. Error bars indicate Ϯ SEM.
Unlike the presynaptic effects, all PAG neurons displayed nociceptin-induced outward currents with the use of K-gluconatefilled electrodes, whether they were located in the lateral (n ϭ 22), intermediate (n ϭ 7), or ventrolateral PAG (n ϭ 5). Of the nociceptin-responding neurons, 69% in the lateral PAG (n ϭ 9/13), 86% in the intermediate PAG (n ϭ 6/7), and 0% in the ventrolateral PAG (n ϭ 0/5) also responded to met-enkephalin.
DISCUSSION
In the present study, it has been demonstrated that the ORL 1 receptor ligand nociceptin increases an inwardly rectifying K ϩ conductance in all tested neurons of the midbrain lateral and ventrolateral PAG, regions that mediate distinct autonomic and behavioral responses to threat, stress, and pain. It also was demonstrated that nociceptin had a presynaptic inhibitory action on excitatory glutamatergic and inhibitory GABAergic synaptic transmission in a subpopulation of PAG neurons. The proportion of neurons displaying nociceptin-induced inhibition of GABAergic synaptic transmission differed between the lateral and ventrolateral PAG.
Nociceptin was likely to have acted via ORL 1 receptors and not other opioid receptors. Nociceptin produced an outward current in all PAG neurons, including those that did not display -opioidmediated responses. The agonist action of nociceptin also was unaffected by naloxone, as has been demonstrated in the dorsal raphe . It is unlikely that the actions of nociceptin were attributable to activation of ␦-or -receptors, because PAG neurons do not respond to ␦-and -specific agonists (Chieng and Christie, 1994) . However, suitable antagonists are required to confirm that nociceptin does act via ORL 1 receptors. Although in situ hybridization and immunohistochemical studies have demonstrated a relatively high density of ORL 1 receptors throughout the PAG (Lachowicz et al., 1995; Anton et al., 1996) , the receptors seem to be localized in fiber processes, rather than in cell bodies (Anton et al., 1996) . It is difficult to reconcile these findings to the observation of a postsynaptic action of nociceptin in the present study.
The potency of nociceptin observed in the present study (EC 50 ϭ 39 nM) was comparable to that previously found for K ϩ conductance increase in the dorsal raphe (EC 50 ϭ 22 nM; Vaughan and Christie, 1996a) and the locus coeruleus (EC 50 ϭ 90 nM; Connor et al., 1996a) , for calcium current inhibition in SH-SY5Y cells (EC 50 ϭ 42 nM; Connor et al., 1996b) , and for the inhibition of adenylate cyclase in CHO cells expressing cloned ORL 1 receptors (EC 50 ϭ 1 nM; Meunier et al., 1995; Reinscheid et al., 1995) . Differences among Figure 7 . Nociceptin decreases the frequency of spontaneous mEPSCs. Spontaneous mEPSCs were recorded in the presence of TTX (0.3 M) and bicuculline (30 M). A, Shown are five consecutive segments before, during, and after application of nociceptin (300 nM). B, C, Shown are cumulative distribution plots of mEPSC inter-event interval and amplitude before, during (dashed line), and after application of nociceptin (number of events ϭ 131, 105, and 168 for 50, 80, and 70 sec epochs of Control, Nociceptin, and Wash, respectively). Nociceptin had no effect on the amplitude distribution ( p Ͼ 0.3, K-S statistic for control /nociceptin) but reversibly shifted the frequency distribution to longer inter-event intervals ( p Ͻ 0.05, K-S statistic for control /nociceptin). All data are from the same neuron, which was clamped to a potential of Ϫ74 mV.
these EC 50 values might be attributable to overexpression in cell lines and varying densities of ORL 1 receptors.
The outward current produced by nociceptin was the result of an increase in an inwardly rectifying K ϩ conductance, as has been observed for the dorsal raphe and locus coeruleus (Connor et al., 1996a) . Nociceptin produced an increase in conductance that was greater at more negative potentials. The reversal potential for the nociceptin-induced current varied with the external K ϩ concentration in a manner similar to that predicted by the Nernst equation for a K ϩ conductance. The mutual occlusion of each of the membrane currents produced by nociceptin, met-enkephalin, and baclofen indicates that activation of ORL 1 , -opioid, and GABA B receptors increases the same inwardly rectifying K ϩ conductance in PAG neurons as has been observed for the locus coeruleus (Chieng et al., 1996; Connor et al., 1996a) .
Nociceptin also inhibited glutamatergic (non-NMDA) and GABAergic synaptic transmission in a subpopulation of PAG neurons. A number of observations demonstrated that nociceptin acted directly on presynaptic GABAergic and glutamatergic terminals. Nociceptin reduced the amplitude of evoked postsynaptic currents while increasing paired-pulse facilitation of these evoked postsynaptic currents. An increase in paired-pulse facilitation is associated with manipulations that decrease transmitter release and is indicative of a presynaptic locus of action (del Castillo and Katz, 1954) . In addition, nociceptin had no effect on postsynaptic conductance at the potentials used to study evoked and spontaneous miniature postsynaptic currents when Cs ϩ -filled electrodes were used. In another series of experiments, nociceptin reduced the frequency of spontaneous action potential-independent miniature postsynaptic currents without affecting their amplitude distributions. These observations indicate that the nociceptinmediated inhibition of synaptic transmission was attributable to a reduced probability of presynaptic transmitter release and was not attributable to a reduction in postsynaptic receptor sensitivity. Thus, in addition to its postsynaptic actions, nociceptin has been demonstrated to have a presynaptic inhibitory action on transmitter release.
ORL 1 receptors are expressed selectively by subpopulations of GABAergic and glutamatergic terminals innervating different PAG neurons. Nociceptin inhibited evoked glutamatergic synaptic currents in approximately one-half of the neurons throughout the lateral and ventrolateral PAG. In contrast, the proportion of neurons in which nociceptin inhibited evoked GABAergic synaptic currents varied with the dorsoventral location. Nociceptin inhibited evoked GABAergic synaptic currents in most ventrolateral PAG neurons tested but in only one-half of the lateral PAG neurons.
The widespread pre-and postsynaptic actions of nociceptin observed here suggest that this peptidergic system could play an important role in the modulation of nociception by the PAG.
-Opioid induced antinociception is thought to arise via disinhibition of PAG output neurons, which project to the rostral ventromedial medulla (Basbaum and Fields, 1984; Reichling, 1991) , by inhibiting transmitter release within the presynaptic GABAergic terminals (Vaughan and Christie, 1996b) . The finding that nociceptin inhibited evoked IPSCs in most ventrolateral PAG neurons could indicate a similar disinhibitory action of nociceptin in facilitating analgesia. However, nociceptin inhibited evoked EPSCs in approximately one-half of the ventrolateral PAG neurons examined, and all PAG neurons were inhibited directly by nociceptin.
The pattern of pre-and postsynaptic effects of nociceptin more closely resembles that produced by GABA B -receptor agonists than by -opioid receptor agonists. GABA B -receptor agonists inhibit both GABAergic and glutamatergic transmission (present study) as well as directly hyperpolarizing all lateral and ventrolateral PAG neurons (Chieng and Christie, 1995) . Like GABA Bagonists, -opioid agonists inhibit GABAergic and glutamatergic transmission in all PAG neurons (Vaughan and Christie, 1996b) but directly hyperpolarize few ventrolateral PAG neurons (Chieng and Christie, 1994; Osborne et al., 1996) . However, it is difficult to predict the potential antinociceptive actions of nociceptin, because microinjections of both GABA B (Levy and Proudfit, 1979) and -opioid (Yaksh et al., 1988) agonists into the ventrolateral PAG produce antinociception.
These observations suggest a complex role for nociceptin in the modulation of nociception in the PAG. This might be expected to result from the balance of actions on PAG neurons that project to the rostral ventromedial medulla, including inhibition of excitatory and inhibitory transmission as well as direct postsynaptic inhibition. The role of nociceptin might be defined more clearly by determining the actions of nociceptin in PAG output neurons with identified projections to the rostral ventromedial medulla. In Figure 8 . Anatomical location of PAG neurons displaying nociceptinsensitive and nociceptin-insensitive evoked IPSCs. Locations of PAG neurons in which evoked IPSCs were unaffected (E, inhibition Ͻ15%; n ϭ 20) or inhibited (F; n ϭ 44) by nociceptin (300 nM). Three dorsoventral levels of horizontal midbrain sections are shown (3.9, 4.4, and 4.9 mm dorsal to the interaural plane). Inset shows a coronal PAG section 0.7 mm rostral to the interaural plane, indicating the levels at which horizontal sections were taken. 4V, Fourth ventricle; Aq, aqueduct; DL, dorsolateral PAG; DM, dorsomedial PAG; DR, dorsal raphe; L, lateral PAG; VL, ventrolateral PAG.
addition, recent studies indicate that quite different behavioral and autonomic response strategies are mediated by functionally distinct lateral (fight-flight /freezing, hypertension, and tachycardia) and ventrolateral (quiescence, hyporeactivity, hypotension, and bradycardia) PAG neuronal columns (Yaksh et al., 1988; Lovick, 1993; Bandler and Shipley, 1994) . Thus, nociceptin also might be involved in the modulation of the other behavioral and autonomic functions of the PAG.
